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OBJECTIVE 


Measure  and  analyze  pressure  distribution  and  slip  sinkage  rela¬ 
tionships  under  rigid  wheels  in  various  types  of  soils. 

RESULTS 

Pressure  and  slip-sinkage  measurements  for  different  wheel  dimensions 
in  five  different  types  of  soil  are  presented  in  chart  form  in  such  a  way 
that  the  affect  of  slip,  sinkage,  soil  properties,  frictional  forces,  and 
wheel  geometry  on  wheel  behavior  are  dearly  indicated. 


CONCLUSIONS 

Sinkage,  as  well  as  pressure  distribution,  are  a  function  of  slip  in 
granular  soils.  However,  in  the  cohesive  types  of  soils  tested,  both  sink- 
age  and  pressure  distribution  were  independent  of  slip. 

Frictional  forces  must  be  included  in  wheel  equilibrium  equations  if 
equilibrium  is  to  be  achieved. 

AtMINISTRATIVE  INFORMATION 

This  program  was  supervised  and  conducted  by  the  Land 
Locomotion  Laboratory  of  ATAC,  under  d/a  Project  No.  597-01- 
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ABSTRACT 


normal  pressure  distribution  and  slip-sinkage  relationships  were 
studied  experimentally  under  rigid  wheels  in  various  types  of  soil.  The 
experiments  were  limited  to  driven  wheels  only;  however,  normal  pressure 
distribution  for  a  wide  range  of  slip  condition  from  0  -  100$  were  obtained. t  j 

i 

Sinkage  as  well  as  pressure  distribution  was  found  to  bo  dependent  upon  slip, 
soil  properties,  and  wheel  geometry  in  sand  and  in  sandy  loam  with  low 
moisture  content,  but  in  sandy  loam  with  higher  moisture  content,  sinkage 
and  pressure  distribution  may  be  taken  independent  of  slip.  The  analysis 
of  data  also  revealed  that  the  effects  of  frictional  forces  are  significant 
and  cannot  be  overlooked. 
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OBJECTIVE 


Measure  and  analyze  pressure  distribution  and  slip  Binkaga  relationships 
under  rigid  wheels  in  various  types  of  soils. 


INTRODUCTION 


This  paper  summarizes  current  progress  of  work  done  under  project 
"Pressure  Distribution  Beneath  a  Rigid  Wheel"  since  publication  of  Land 
Locomotion  Report  No.  7^  in  April  1962. 

Prom  Report  No.  7k,  it  becomes  evident  that  for  the  solution  of 
equilibrium  equations  for  wheels,  knowledge  of  the  magnitude  and  position 
of  the  ground  reaction  is  essential.  This  information  furnishes  the  key  for  the 
evaluation  of  wheel  sinkage,  drawbar-pull  and  motion  resistance.  However,  at 
present  no  exact  equation  exists  for  the  description  of  pressure  distribu¬ 
tion  under  wheels. 
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The  well  known  Bekker  equation  is  an  estimate  of  pressure  distribution 
which  produces  satisfactory  results  at  small  sinkages  and  at  a  limited  number 
of  slip  conditions,  but  at  high  slip  rates  and  for  greater  sinkage  conditions 
in  sand,  for  example,  this  equation  introduces  an  error  due  to  the  improper 
location  of  the  resultant  of  the  pressure  distribution.  In  Land  Locomotion 
Mechanics  one  must  deal  with  wide  ranges  of  slip  and  sinkage  conditions.  A 
more  complete  pressure  distribution  function  producing  greater  accuracy  is 
desirable. 

Published  data  available  in  this  area  can  be  divided  into  two  groups: 


1.  Pressure  transmitted  from  wheel  to  soil  is  measured  by  "pressure 

2, 3,^,5 

transducers  at  certain  depths  and  locations  in  the  soil  mass  .  The 

disadvantage  of  this  method  lies  in  the  difficulty  of  positioning  the  pres¬ 
sure  cells  in  the  soil.  Also,  under  load  from  the  consolidation  process 
these  transducers  can  move;  therefore,  such  measurements  may  be  erratic. 


2.  Pressure  distribution  is  measured  at  the  interface  contact  of 

6,7,10 

vheel  and  soil  by  ’’pressure  cells"  embedded  in  the  wheel’s  perimeter 
Using  this  type  of  measuring  technique,  the  complete  contact  pressure  can 

I 

be  obtained,  which  ultimately  permits  treatment  of  the  wheel  as  a  body. 

i 

Most  of  these  measurements,  except  those  contributed  by  Vincent  and 
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the  author,  were  performed  using  pneumatic  tires.  Although  the  use  of  pneu¬ 
matic  tires  seems  more  practical  from  a  Land  Locomotion  standpoint,  the 
rigid  test  wheel  considerably  simplifies  tie  analysis  of  pressure  distri¬ 
bution,  since  no  changes  jin  w:  eel  geometry  have  to  be  accounted  for.  How¬ 
ever,  upon  successful  completion  of  the  rigid  wheel  Btudy  it  is  intended  to 

extend  the  scope  of  this  work  to  Include  pneumatic  tires. 

I 

To  the  author's  knowledge,  none  of  the  references  quoted  except 
Reference  10  have  considered  pressure  and  elnkage  measurements  in  terms  of 
wheal  slip- elnkage  and  in  terms  of  the  effect  of  wheel  geometry  in  different 
types  of  soil. 

The  experimental  results  reported  in  this  work  were  intended  to  develop 
the  following  Information: 

a.  True  shape  of  normal  pressure  distribution. 

b.  Effect  of  wheel  Blip  on  normal  pressure  distribution. 

c.  Effect  of  wheel-slip  on  sinkage. 

d.  Magnitude  of  frictional  forces  on  a  powered  wheel. 

e.  Effect  of  soil  properties  on  pressure  distribution,  wheel  slip- 
slnkage  characteristics,  and  frictional  forces. 


Figure  1 

Under  the  action  of  an  Imposed  driving  moment  (M),  the  wheel  will 
have  the  tendency  to  slide  relative  to  the  ground.  Tho  shearing  forces 
and  c)  on  the  contact  surface  will  oppose  this  motion.  From  geometry, 
the  normal  force  (N)  passes  through  the  center  of  the  wheel.  However, 
by  adding  to  N,  R  must  act  at  jh  relative  to  the  normal  when  wheel  slip 
or  soil  failure  occurs. 


Two  possible  and  different  angles  of  friction  can  enter  into  the 
above  problem: 

1.  The  angle  of  internal  friction  of  the  Boil. 

2.  The  angle  of  friction  between  the  wheel  and  soil. 
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The  smaller  of  these  two  angles  will  determine  fi.  The  wheel  load 
(W)  and  the  drawbar  load  (h)  are  taken  to  act  at  the  center  of  the  hub. 

It  li  assumed  that  the  coefficient  of  friction  is  constant  along  the  wheel 
contact  length  and  that  the  frictional  forces  aot  in  a  direction  opposite 
to  the  motion*  If  the  contact  surface  is  not  too  great,  it  is  safe  to 

assume  that  the  ground  reaction  (b)  will  be  tangent  to  a  circle  of  radius 

D  8 

r*  y  eln  ^  which  is  coamonly  called  the  friction  circle  in  soil  mechanics. 

She  equilibrium  equation  written  on  the  basis  of  the  concept  presented 

here  cannot  be  solved  unless  an  appropriate  pressure  distribution  function 

Is  known.  The  general  equations  pertaining  to  driven,  braked  and  towed 

9,  10,  11,  12; 

wheel  conditions  have  appeared  previously  in  several  references 
therefore,  they  will  be  omitted  from  this  paper. 


TKST  FACILITIES  AMD  PROCEDURES 

In  order  to  obtain  actual  pressure  distribution  curves  for  rigid 
wheels  under  variable  loading,  slip  and  soil  conditions,  a  special 
apparatus  was  built ,  Figure  2.  The  test  apparatus  consisted  of  two 
test  wheels:  20  in.  x  3  in.  and  20  in.  x  5  in.  A  torque  meter  was 
attached  to  the  axle  of  the  wheels. 

Strain  gauge  types  of  "pressure  transducers"  were  embedded  in  the 
wheel's  perimeter:  one  at  the  center  of  wheel  and  two  close  to  the  edges. 

This  arrangement  permitted  the  pressure  distribution  measurement  laterally 
as  well  as  longitudinally.  The  transducers  were  constructed  so  that  only 
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pressure  normal  to  the  wheel  would  be  measured.  The  wheel  was  mounted  on 
a  dynamometer  carriage.  A  distributor  was  attached  to  the  drive  shaft  of 
the  wheel  which  produced  a  signal  at N 3°  of  angular  rotation  of  the  wheel. 

The  linear  displacement  of  the  wheel  was  measured  by  means  of  a  micro-switch 
attached  to  the  driving  sprocket  of  the  carriage.  Therefore,  knowing  the  angu¬ 
lar  and  linear  displacements,  the  slip  was  easily  evaluated. 

The  wheel  was  loaded  in  50  lb.  increments  from  50  to  200  lbs.  The 
wheel  sinke^e  was  measured  by  means  of  a  potentiometer  connected  between 
the  loading  tray  and  the  carriage.  The  pressure  cells,  micro-switches, 
potentiometer  and  the  torque  meter  were  connected  to  a  series  of  analyzers 
and  to  a  "six-channel"  recorder.  The  recorder  continuously  recorded  the 
pressures  acting  against  the  moving  wheel,  the  exact  location  of  the 
pressure  transducers,  the  magnitude  of  angular  and  linear  displacement, 
torque  and  sinkages.  The  assure  cello  were  calibrated  by  a  device 
developing  a  known  air  pres  .ire  and  having  a  maximum  capacity  of  20  psi, 

Figure  3. 
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Tests  were  performed  in  sand  and  in  sandy-loara  under  laboratory 
conditions.  The  soil  bin  used  for  this  investigation  was  40  ft.  x 
5  ft.  x  2  ft.  in  its  overall  dimensions  and  was  equally  divided  between 
sand  and  sandy- loam.  During  test,  the  sand  was  kept  air- dry.  However, 
in  the  case  of  the  sandy  loam,  water  was  added  after  each  complete  ex¬ 
periment  as  needed  to  investigate  the  effect  of  soil  consistency  on 
pressure  distribution  and  slip-sinkage  relationship. 

Come  important  characteristics  of  the  materials  tested  are  tabulated 
In  Table  I. 

In  addition  to  the  data  in  Table  I,  a  grain  size  distribution  dia¬ 
gram  for  send  is  shown  in  Figure  4. 

Atterberg  Limits  pertaining  to  sandy-loam  are  tabulated  in  Table  II: 

TABLE  II. 

Liquid  Limit  -  19$ 

Plastic  Limit  -  15$ 

Plasticity  Index  -  4$ 

Prior  to  each  test  run,  the  dry  sand  was  leveled  with  a  leveling 
board  attached  to  the  carriage  in  order  to  assure  a  reference  surface  for 
ainkage  measurements.  Then  the  wheel  was  loaded  arid  the  experiment  was 
begun  by  driving  the  wheel  and  tow-carriage  simultaneously.  Drag  was 
applied  to  the  carriage  causing  the  carriage  to  slow  down  relative  to  the 
wheel  and  produce  a  certain  magnitude  of  slip.  By  increasing  the  drag  on 
the  carriage,  pressure  distribution  measurements  and  slip-sinkage  measure¬ 
ments  at  higher  slip  were  possible.  This  teclmlqua  was  employed  for  test¬ 
ing  at  different  slipB,  since  speed  of  carriage  and  wheel  cannot  be  con¬ 
trolled  separately.  During  this  procedure,  pressure  distribution,  angular 
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displacement*  linear  displacement,  torque  ana  sinkage  data  recorded 
continuously.  The  experimental  technique  produced  data  which  permitted 
plotting  of  normal  pressure  distribution,  sinkage  and  torque  as  a  function 
of  slip  between  0  and  100$  for  each  type  of  soil  and  loading  condition. 

The  test  procedure  for  sandy- loam  wbb  essentially  the  a  rune  up  Tor 
Band.  The  only  difference  existed  in  processing  the  material,  Sandy- loam 
was  mixed  at  each  test  run  and  at  each  addition  of  water  content  with  a 
Rotary-Tiller.  Then  it  was  raked  until  a  smooth  soil  surface  was  obtained. 
After  this  procedure,  two  passes  with  a  smooth  roller,  weighing  200  lbs., 
were  applied.  Although  this  resulted  in  an  increase  of  soil  density,  it 
assured  a  more  uniform  soil  structure ,  which  1b  demonstrated  by  the  fact 
that  the  deviations  from  the  mean  in  moisture  and  density  values  are  within 
acceptable  limits.  As  a  matter  of  interest,  it  should  be  noted  here  that 
deviation  from  mean  density  at  least  doubled  when  the  roller  passes  were 


omitted. 


TEST  RESULTS 


Tho  results  of  driving  moment,  pressure  distribution  and  elip- 
slnkage  measurements  are  presented  in  diagrams  and  chart  forms. 

Figure  5,  shows  a  typical  torq.ua  versus  slip  relationship  with  wheel 
load  as  parameter  in  dry  sand.  This  figure  also  confirms  that  for  slip 
conditions  in  sand  in  excess  of  3056  the  assumption  that  ^  is  constant  is 
valid.  If  shear  strength  is  taken  as  independent  of  depth,  the  torque 
versus  slip  relationship  depicted  can  be  considered  as  a  shear  deformation 
diagram  since  torque  is  proportional  to  the  tangential  forces  and  slip  to 
the  corresponding  deformations.  The  peak  points  of  these  curves  were  taken 
for  the  construction  of  the  Mohr- Coulomb  envelop,  and  the  value  of  was 
found  to  be  very  nearly  equal  to  that  determined  by  sliding  friction  exper¬ 
iments.  The  sliding  friction  experiments  resulted  in  »  24°  and  c  *  0 
while  evaluating  those  from  torque-slip  relationship  when  the  normal  pressures 
at  wheel-soil  contact  are  known,  gave  »  23°  and  c  *=  0. 

Actual  normal  pressure  distribution  diagrams  are  shown  in  the  next 
series  of  figures.  Figure  6  illustrates  the  pressure  distribution  in  Band 
as  a  function  of  the  polar  angles  under  a  20  in.  x  3  In.  wheel  at  various 
loads.  The  slip  is  held  constant  at  0$.  Tho  effect  of  slip  on  pressure 
distribution  is  shown  in  Figure  7,  when  the  soil  (sand),  wheel  size  and 
wheel  load  are  kept  constant. 

It  is  apparent  from  the  latter  two  pressure  distribution  diagrams  that  as 
slip  occurs,  pressure  distribution  as  well  as  sinkage  become  a  function  of  slip. 
An  increased  sinkage  develops  higher  motion  resistance*  therefore,  the  resultant 
of  the  pressure  distribution  will  have  a  higher  angle  of  Inclination  relative 
to  the  vertical. 
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Another  important  factor  ia  that  the  pressure  distribution  extends 
beyond  the  point  of  maximum  siRksga.  The  extent  of  pressure  distribution 
to  the  trailing  portion  of  the  vheel  is  about  10°  or  less  from  the  toe  of 
the  vheel  in  most  of  the  pressure  profiles  reported  here.  This  phenomenon 
can  be  attributed  to  the  flow  the  material  into  the  vheel  rut  in  sands^to 
the  rebound  of  the  material  in  firm  soils. 

Koto  that  the  pressure  distribution  in  the  lateral  direction  is  also 
shovn  in  the  figures .  Dots  denote  the  pressure  at  the  center  of  the  wheel 
and  crosses  denote  the  pressure  close  to  the  edges  of  the  vheel.  The 
pressure  transducers  mounted  at  the  edges  of  the  wheel  were  averaged  on  the 
recording  device  so  that  the  crosses  represent  the  average  value  of  the 
pressure  on  the  two  vheel  edges. 

Figure  8,  shews  the  same  information  for  a  20  in.  x  5  in.  wheel  qb  was 
shown  in  Figure  7  for  the  20  in.  x  3  in*  vheel  in  sand.  The  variation  in 
pressure  across  the  wheel  face  is  very  significant  indeed  for  this  wheel. 

The  pressures  at  the  center  of  the  wheel  were  found  approximately  twice  as 
high,  as  they  were  observed  close  to  the  edges  of  the  wheel.  In  case  of  the 
narrow  wheel,  the  variation  of  pressure  in  the  lateral  direction  is  negli¬ 
gible  except  for  those  pressure  distribution  diagrams  which  were  obtained 
at  very  high  slip  condition. 

Figure  9  further  illustrates  the  importance  of  the  lateral  pro a our e 
distribution  for  wide  vheelB.  Pressure  is  shown  as  a  function  of  polar 
angles  for  specific  cases  of  slip  under  a  constant  load. 

The  next  two  figures,  Figures  10  and  11,  show  ainkage  (maximum  vertical 
deformation)  as  a  function  of  slip  in  sand  for  the  20  in.  x  3  in.  and  20  in.  x  5  in. 
wheel,  respectively.  Again,  it  ia  apparent  that  as  slip  occurs  einkage 


! 

! 

1 


1 


I 

f 


I 

i 

t 

4 

i 

l 


i! 


10 


rapidly  increases.  For  sand  the  compaction  affects  are  small,  so  that  the 
wheel  can  dig  itseir  into  the  ground.  This  process  is  associated  with  slip 
failure  in  which  the  wheel  removes  material  from  the  contact  surface  and 
deposits  it  behind  the  wheel. 

The  next  figure.  Figure  12,  shows  sinkage  as  a  function  of  the  angle 
of  inclination  of  the  resultant  of  normal  pressures  in  sand  for  both 
wheels  tested.  This  function  may  be  approximated  by  a  straight  line  having 
the  following  equation: 

a0*  6.870$ 

After  some  manipulation  It  may  be  seen  that  in  sand  the  normal  result¬ 
ant  divides  the  ground  contact  arch  approximately  into  two  equal  ports, 

12 

thereby  confirming  the  hypothesis  of  Tanaka  who  assumed  in  general  that  the 
angular  position  of  the  resultant  (N)  is  half  that  of  the  angle  of  sinkage. 

If  thei vertical  component  of  the  ground  reaction  is  evaluated  by 
graphical  integration,  a  chart  plotting  and  against  W  can  be  made. 

Ky.  is  the  vertical  component  of  the  normal  resultant  N,  while  Is  the 
vertical  component  of  the  resultant  of  normal  and  frictional  forces.  It 
is  found  that  alone  does  not  satisfy  the  equilibrium  of  the  vertical  forces. 
This  Indicates  that  frictional  forces  must  be  Included  to  achieve  equilibrium. 
The  frictional  forces  were  evaluated  from  Coulomb's  equation  for  maximum 
shear  stress.  The  agreement  obtained  by  the  inclusion  of  the  frictional 
forces  is  shown  in  Figure  13,  and  it  can  be  seen  that  the  magnitude  of  the 
discrepancy  Is  withinran  acceptable  limit. 

The  tests  were  continued  to  investigate  the  behavior  of  the  wheel  in  a 
sandy  loam  at  various  moisture  contents. 
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The  following  illustrations  refer  to  results  obtained.  Figures  l4,  15, 

1 6,  and  17,  show  slip-sinkage  relationship  for  a  20  in.  x  5  in.  wheel  in 
sandy  loam  Mix  No.  1  -Mix  No.  4.  Figures^  andy  show  mixes  which  represent 
$&ndy  loam  at  low,  4.9$  and  6.5$  of  moisture  content,  respectively.  The 
slip-sinkage  relationship  is  very  similar  to  those  obtained  in  sand.  However, 
at  9.1$  and  lo$  moisture  content,  sinkage  will  be  Independent  of  slip.  Simi¬ 
lar  results  were  obtained  with  a  20  in.  x  3  in.  test  wheel  at  16$  moisture 
content.  This  relationship  is  shown  in  Figure  18. 

An  explanation  of  slip-sinkage  behavior  of  wheels  in  sand  and  in  sandy 
loam  may  be  given  as  follows:  in  granular  soils  (dry  sand  and  sandy  loam  at 
low  moisture  content)  the  compaction  effects  are  very  small.  Therefore,  a 
"soil  transport”  phenomenon  exists  underneath  the  wheel.  With  added  water 
and  the  same  connective  effort  of  roller  and  wheel,  greater  density  can  be 
obtained  up  until  the  water  content  reaches  the  valha  where  maximum  density 
is  achieved.  The  sandy  loam  type  of  soil  is  highly  compactable  at  higher 
moisture  contents.  Movement  of  the  moisture  to  the  wheel  soil  interface 
serves  as  a  lubricant j  therefore,  the  transport  of  soil  by  wheel  does  not 
coc&ur. 

These  seriea  of  slip-sinkage  teste  were  performed  with  the  aim  of  pin¬ 
pointing  the  minimum  amount  of  cohesion  at  which  sinkage  may  be  taken  as 
independent  of  slip. 

From  the  experiments,  it  appears  that  the  cohesive  properties  of  soils 
are  responsible  for  the  dependence  or  independence  of  sinkage  upon  slip.  The 
number  of  experiments  oonducted  suggests  that  above  0,5  psl  of  cohesion  sinkage 
may  "be  regarded  as  independent  of  slip. 
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figure  ly,  snows  the  angular  position  of  the  resultant  of  the  normal 

pressure  distribution  an  h  ■fnnr+.lon  of  slip  -P nr  e  PO  1«.  v  3  In.  wheel  In 

sandy  loam  at  1656  of  moisture  content.  This  curve  also  shows  the  inde¬ 
pendence  of  oL  and  slip. 

Since  the  ainkage  and  <£  were  found  to  be  independent  of  slip,  the 
pressure  distribution  measurements  were  presented  in  a  superimposed  form. 
Figures  20,  21,  and  22  show  the  suparimposition  of  all  the  pressure  dis¬ 
tribution  diagrams  regardless  of  slip  at  'jO,  100,  and  150  pounds  of  vhe<*i. 
load,  roapootivoly.  These  measurements  were  taken  in  sandy  loom  Mix  Wo. 

U.  Note  that  the  trend  of  lateral  pressure  distribution  reverses;  that  Is, 
close  to  .the  edges  of  the  wheel  higher  pressures  were  recorded  than  at  the 
center  of  the  contact  strip  in  a  cohesive  type  of  soil. 

It  can  be  stated  again  from  the  experiments  that  the  angular  position 
of  the  resultant  approximately  bisects  the  contact  angle. 

Similar ily,  as  was  shown  for  sand,  equilibrium  considerations  pertain¬ 
ing  to  the  above  normal  pressures,  estimated  frictional  forces,  and  imposed 
loads  are  shown  in  Figure  23*  It  is  seen  that  the  frictional  forces  must 
also  be  included  in  the  description  of  a  wheel  operation  in  a  material  having 
cohesion,  if  equilibrium  is  to  be  achieved. 
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CONCLUSIONS 

1.  An  analytically  correct  equation  for  pressure  distribution  must 
include  not  only  soil  properties  and  wheel  geometry  as  it  was  previously 
irtvs laved,  but  also  the  slip-sinkage  relationship  and  tangential  forces. 

2.  The  effect  of  frictional  forces  are  significant  and  should  be  in¬ 
cluded  In  equilibrium  equations  for  wheels.  The  frictional  forces  may  be 
conventiently  estimated  from  Coulomb's  equation  for  maximum  shear  strength. 

3*  Sinkage  is  a  function  of  slip  in  granular  soils;  however,  in  co¬ 
hesive  soils  sinkage  may  be  t&Aen  Independent  of  slip.  Further  tests  are 
necessary  to  confirm  this  statement,  since  tests  in  loam  with  a  moisture  con¬ 
tent  in  excess  of  1 6jt  have  not  been  performed. 
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RECOMMENDATIONS 


1.  It  is  recomnended  that  in  addition  to  the  quantities  measured  and 
reported  here,  drawbar-pull  measurements  also  should  be  made. 

2.  It  is  recommended  that  further  experiments  be  performed  confirming: 

a.  The  minimum  amount  of  cohesion  necessary  to  Judge  sinkoge  in¬ 
dependent  of  slip. 

b.  Whether  or  not,  above  the  maximum  density,  ainkage  is  independent 
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Figure  Ho,  19 


SUFERPQSITION  OF  PRESSURE  DISTRIBUTION  DIAGRAMS  UNDER  A  20x3"  WHEEL 
IN  SANDY-LOAM  AT  w,l6.0  %  WITH  50  lbs  Axial  LOAD. 


Figure  No.  20 


SUPERPOSITION  OF  NORMAL  PRESSURE  DISTRIBUTION  DIAGRAMS  UNDER  A  20x3"  wh««l 
IN  5ANDY-L0AM  AT  Kt16.0  %  WITH  300  lbs  AXIAL  LOAD. 

Figurs  No.  21 
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3FERF0SITI0H  OF  NORMAL  PRESSURE  DISTRIBUTION  DIAGRAMS  UNDER  A  20xJ"  WHEEL 
IN  3ANDY-LOAM  AT  *«16.0  %  with  150  lbs  AXIAL  LOAD. 


Figur«  No.  22 


200 


(  «qi)  M  «  A0iAb  ,AN 


57 


OF  TE  VERTICAL  FORCES  FOR  A  20x3“  WHEEL  33  SAKDT  -LOAM  AT  16)8. 


BEST  AVAILABLE  COPY 


REFERENCES 


1.  Bekker,  M.  G. ,  "Theory  of  Land  Locomotion",  University  of  Michigan 
PresB,  Ann  Arbor,  1956. 

2.  Vandenberg,  G.  E.  and  W.  R.  Gill,  "Pressure  Distribution  Between  a 
fitoooth  Tire  and  Soil".  ASAEPaper  No.  59-108,  Ithaca,  1959. 

3.  Cooper,  A.  W.,  G.  E.  Vandenberg,  H.  F.  McColly,  A.  E.  Erickson,  "Strain 
Gage  Cell  Measures  Soil  Pressure",  AG.E,  Vol.  38,  April  1957* 

4.  Reaves,  C.  A.  and  A.  W.  Cooper,  "Stress  Distribution  in  Soils  Under 
Tractor  Loads",  Ag.E. ,  Vol.  4l,  Jan.  i960. 

j 

5.  Schne,  W. ,  "ike  Transmission  of  Force  Between  Tractor  Tires  and  Farm 
Soils",  Grundlagen  der  Landtechnik,  1952. 

6.  Vincent,  E.  T.,  "Pressure  Distribution  on  and  Flow  of  Sand  Past  a  RigiJ 
Wheel",  1st.  International  Conference  on  the  Mechanics  of  Soil  Vehicle 
Systems,  Torino,  1961. 

7*  Trabbic,  G.  W. ,  "The  Effect  of  Drawbar  Load  and  Tire  Inflation  on  Soil-  f 
Tire  Interface  Pressure,"  M.  S.  Thesis,  Michigan  State  University,  1959. 

8.  Capper,  L.  and  Cassie,  F. ,  "The  Mechanics  of  Engineering  Soils”,  McGraw-  j 
Hill,  New  York,  195 3.  j 

I 

9*  Schuring,  D.,  "On  the  Mechanics  of  Rigid  Wheels  on  Soft  Soil”,  V.  D.  I., 
June  1961.  j 

10.  Hegedus,  E. ,  "A  Preliminary  Analysis  of  the  Force  System  Acting  on  a 
Rigid  Wheel”,  Land  Locomotion  Laboratory,  OTAC,  Report  No.  74,  1962. 

H.  Phillips,  J.,  "A  Discussion  of  Slip  and  Rolling  Resistance",  1st  Inter-  ! 
national  Conference  on  the  Mechanics  of  Soil-Vehicle  Systems,  Torino,196l.j 

12.  Tanaka,  T.,  "The  Statical  Analysis  and  Experiment  on  the  Force  to  the’ 
Tractor  Wheel",  1st  International  Conference  on  the  Mechanics  of  Soil- 
Vehicle  Systems,  Torino,  1961. 


30 


